A dynamic Wicke-Kallenbach method to obtain effective diffusivities is presented. The method is carried out by performing curve-fitting between measured breakthrough curves and calculated ones obtained numerically by use of the Fourier inverse transform technique.
Introduction
Several experimental techniques have been proposed to measure effective diffusivities in porous solids. From the point of view of obtaining accurate values of effective diffusivity, the static counterdiffusion technique of Wicke-KallenbachU) is an excellent one since it never includes other mass transport processes other than intraparticle diffusion. The techniques have widely been used for gases. On the other hand, dynamic methods using moment analysis have recently been used1"3'8) to obtain highly accurate values of effective diffusivity.
The most excellent feature of the method is that it needs only first momentcalculations and increases the accuracy of the calculated values of effective diffusivity. However, for liquids the Wicke-Kallenbach apparatus has been only slightly used5>9) due to the defects that they need too long a measuring time, of the order of several hundred hours, for example, since for liquids time constant of diffusion through the porous solid is much larger than that for gases. Moment analysis also needs a sufficiently long time when the tail of the peak vanishes. Long-time measurements should be avoided since they are likely to cause unstable operation of experimental equipment, leading to erroneous results.
Another obstacle frequently encountered for liquids is that the magnitude ofa response peak is too weak to obtain a complete data chart for momentanalysis. In this paper, a dynamic method to obtain effective diffusivities is proposed. The major advantage of the method is that it can save a considerable amount of measuring time. Measurements are conducted for the heavy waterlight water system using the Wicke-Kallenbach apparatus. For the same system, we obtained the effective diffusivities from breakthrough measurements as described in a previous paper6}. Comparison of the obtained values of effective diffusivity is made between the two methods. Figure 1 is a schematic diagram of the single-pellet apparatus in which concentration change is detected for the effluent liquid through the right chamber.
Theoretical
Concentration in the left chamber is maintained constant due to the fact that Vx is muchlarger than Vs.
Conservation of tracer within the pellet leads to the following differential equation :
where De is the effective diffusivity, independent of concentration.
ep and pp are the total porosity and the apparent density of the pellet, respectively. The last term of Eq. (1) is the rate of adsorption on the pellet surface.
For a system with reversible equilibrium adsorption, qis related to Cp as Jt~KA~di (2) Equations (1) and (2) together with the following boundary and initial conditions Cp=0 at t=0 0<x<L (3)  C=0 at t=0 (4)
are transformed to the Laplace domainand solved for the transfer function G(s) as Equation (6) neglects external mass transport resistance.
Transient response curve C/Co is given from the following relation : jTis a time period to let the tail of the impulse response peak vanish.
At steady state, the following relation is derived from Eq. (7) CJC0={l +(TD/Tc)/<f>r (14) 2. Experimental
Details of the diffusion cell are shown in Fig, 2 . The pellet located at the central portion of the cell is composed of four cylindrical activated carbon pellets. The pellets were fixed in an acrylic resin holder by an epoxy adhesive. The pellet length, which was originally about 1.1 cm, was reduced to about 0.3-0.4 cm by use of a lathe. Properties of the pellet are listed in Table 1 . The pellet porosity sp was evaluated from the relation ep=l-pp/pt, where pt is the true density of the pellet. The total liquid volume of the left chamber was about 2 /. Other geometrical conditions of the cell are listed in Table 2 . Liquids were fed through both chambers by micro-tube pumps of variable flow rate. The liquids in both chambers were agitated well by micro spinbars (1 mm^, 1.2cm length), coupled with a magnetic stirrer. 
Fig. 2 Details of the diffusion cell
The pressure was maintained constant on both sides of the pellet by adjusting flow valves and observing the pressure difference with the manometer. Prior to test runs, de-ionized water was fed through both chambers. After obtaining equal pressures the manometer was disconnected to eliminate an additional contribution to the dead volume. The prepared amount of heavy water was introduced into the liquid in the left chamber in order that the final liquid concentration reach an expected value (8-10 wt %).
The whole diffusion cell was immersed in a constanttemperature water bath of 25°C. The effluent liquid was collected into sample bottles with a small quantity of liquid (about 1 ml) by use of a fraction collector. Quantitative analysis of heavy water was made using an IR spectrophotometer (IR A-2, Japan Spectroscopic Co.), operated with fixed wave number 2520 cm"1.
Results and Discussion
Adsorption equilibrium constant KA for heavy water can be evaluated using the value of adsorption coefficient /3 obtained in the previous paper6] from the relation : Then the value of d(=l +PPKA/ep) was determined to For a nonadsorbing component, the diagram of C/Co vs. tjT% for the same values of <p and TD/TC is represented with a single curve. However, for a system with a large adsorption equilibrium constant, diagrams of C/Co vs. t/T% depend on d as illustrated in Fig. 4 . In such cases, curve fittings must be carried out using the diagrams calculated for the two Fig. 4 Effect ofd ondiagramsofC\C0 vs. t\T% Fig. 5 Comparison of measured and best fitted breakthrough curves specified parameters <f> and 3. For the system employed in this study, the value of 8 is so smallthatthe effect ofd on the plots ofC/Co vs. t/T% is negligible.
Effective diffusivity De is determined by performing curve-fitting coupled with trial and error. First, for a specified value of 0, a value of TD is assumed and curve fittings between measured and calculated breakthrough curves are tested.
After some rounds of iterated trial and error work, the best fitted values of De were obtained. The resultant values of De are listed in Table 2 . The curve fittings performed to assumednegligible external masstransport resistance. This assumption was found reasonable judging from the fact that the effect of agitation speed on the measured breakthrough curves was negligibly small.
As mentioned previously, the most excellent feature of the technique presented in this paper is that it is possible to determine effective diffusivities within a considerably short time by adopting some transient data points for the curve fittings. Therefore, the technique will be particularly efficient for cases where the pellet length is quite large (see Run R-8 in Fig. 5) or the system exhibits a large adsorption equilibrium constant (see Fig. 6 ). Nomenclat ure A = cross-sectional area of pellet [cm2] an, bn = Fourier coefficients defined by Eqs. (10) and ( 
